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Strain distribution in nitride quantum dot multilayers
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Nitride quantum dots~QD’s! grown in the wurtzite phase present a strong vertical ordering along the~0001!
direction when they are stacked in multilayers. This alignment results from a minimum of the elastic energy
density at the surface of the AlN capping layer induced by the buried GaN dot underneath. The aim of this
work is to investigate the strain distribution in a quantum dot multilayer using high-resolution transmission
electron microscopy and anomalous grazing incidence x-ray diffraction. This x-ray method is based on the
strong sensitivity of the elastic scattering cross section to the Ga compounds for energies in the vicinity of the
Ga absorption edge. It is observed that uncapped GaN dots are almost completely relaxed, while embedded
quantum dots are compressively strained. In addition, a modulation of the in-plane lattice parameter in the AlN
spacer layer is clearly identified, induced by the QD’s on the surrounding matrix which causes the vertical
alignment.

DOI: 10.1103/PhysRevB.69.125327 PACS number~s!: 68.55.2a, 68.65.Hb, 68.37.Lp, 61.10.Nz
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I. INTRODUCTION

The growth of complex semiconductor heterostructur
such as quantum wells, quantum wires, and quantum d
has become of great importance aiming for novel optical
electronic properties.1 A large number of growth procedure
involves the epitaxy of lattice mismatched materials us
the strain relief as the driving force for the growth of thre
dimensional~3D! quantum structures.2 When grown coher-
ently and stacked in a multilayer, the interacting strain fi
induced by the quantum dots~QD’s! through the thin space
layer leads to a narrowing of their size and shape distri
tions. It reaches a minimum after the deposition of the f
first bilayers.3,4 Simultaneously, a vertical order is also o
tained, which, depending on the anisotropy of the ela
constants, yields to the formation of 1D to 3D QD crys
lattice.5,6 Apart from structural and epitaxial growth aspec
the strain fields modify the electronic and optical propert
in and around the dots.7 Several works based on elastici
theory calculations, atomistic simulations, or high-resolut
transmission electron microscopy~HRTEM! report on the
investigation of the strain distribution of QD multilayers
Si/Ge,7,8 arsenide9 and phosphide10 systems. It is shown tha
the capping of the QD’s clearly modifies the strain field
side the dots while, depending on the thickness of the c
ping layer, strong deformations of the surrounding matrix
also observed.7,8,10

Among the large variety of nanostructured materials,
tride compounds are of particular interest because they s
a luminescence in the blue-ultraviolet wavelength ran
opening the way to promising applications in optoelectro
ics. However, the expectations are limited by the large nu
ber of dislocations in the material, up to 1 –1
31010 cm22, which leads to nonradiative recombinatio
and premature aging of the devices.11–13 Large efforts are
currently under way to reduce the dislocation density by
0163-1829/2004/69~12!/125327~8!/$22.50 69 1253
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vestigating, e.g., different pretreated substrates together
various growth conditions. Another strategy is based on
growth of QD’s that could confine the carriers in dislocati
free material and limit thereby the nonradiativ
recombination.14,15 Most often the growth of the QD’s is
driven by the Stranski-Krastanov mode16 during the molecu-
lar beam epitaxy of the lattice mismatched GaN on the A
layer17 ~in-plane lattice mismatchDa/a52.4% for the
wurtzite phase!. They present a truncated pyramidal sha
with $101̄3% facets and a hexagonal base with a typical
ameter of a few hundreds of angstroms and a typical he
to base ratio of 0.2.14 During growth, the strain state and th
dimension~2D or 3D! of the deposited material are mon
tored by reflection high-energy electron diffractio
~RHEED!, which indicates before covering that the top
the GaN quantum dots is almost completely elastically
laxed while the bottom is pseudomorphically strained to
wetting layer.18 For application purposes, it is necessary
bury the QD’s in an AlN matrix and to stack them in
multilayer. A strong vertical QD correlation is developin
For this system we have shown that the vertical order
results from a single well-defined minimum in the elas
energy density distribution at the surface of the capp
layer19 and that the role of threading dislocations in the v
tical alignment is certainly faint.13 The minimum is localized
above the previously buried dot due to the isotropy of
elastic constants. A few experimental or theoretical wo
report on the study of the local strain in this system: th
successively address the absence of intermixing betw
GaN and AlN, the epitaxial relation between the dot and
surrounding matrix, the strains in the buried dot and in
surrounding matrix.20–22

The aim of this work is to study the strain distributio
directly in a QD multilayer: this investigation results from
the use of the unique properties of x-rays of being che
cally and strain sensitive; the information given by anom
©2004 The American Physical Society27-1
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lous x-ray diffraction is obtained in a nondestructive way a
averaged over a large number of nanostructures.23 In addi-
tion, HRTEM is used to obtain a real-space outlook of t
QD shape and size, although the sample preparation is i
sive and the number of probed nanostructures is limited.
combination of HRTEM and anomalous x-ray diffraction
thereby a powerful tool to measure and identify unambi
ously the strain distribution in the QD multilayer. These tec
niques, x-ray diffraction and more generally x-ray scatteri
have been recently widely used to investigate a large var
of nanostructured semiconductors~for a review on the topic
see, e.g., Refs. 24,25! in order to measure the strain, shap
and chemical composition in free-standing26,27 or buried
QD’s ~Ref. 28!, and to quantify the ordering in QD
multilayers.29,19 Most often, the data analysis is based on
comparison of measured and calculated reciprocal sp
maps using finite element methods based on elast
theory.27,28 In a more direct way, strain and composition pr
files in free-standing QD’s can be obtained using the i
strain scattering method.26 Recently, anomalous x-ray dif
fraction has been used for the investigation of free-stand
SiGe islands, which does not requirea priori hypothesis.30,31

To our knowledge, anomalous x-ray diffraction is used in
present work for the first time on a QD multilayer samp
Due to the large mosaic spread (0.8–1°) in nitride co
pounds, the complete method described in Ref. 31 canno
directly applied. However, the use of grazing inciden
anomalous x-ray diffraction at the GaK edge allows to in-
vestigate the strain in the different regions of the multilay
Actually, in absence of interdiffusion,20,22 the presence o
gallium is a direct marker of the dots and wetting layers. T
combined use of the grazing incidence geometry32 allows to
compare the near surface to the in-depth structure by var
the penetration depth.

The paper is organized as follows: the sample prepara
and the experimental setups are detailed in the first part.
second part presents the results and the analysis of real-s
investigations using HRTEM. The strain and chemically s
sitive investigation of the in-plane lattice mismatch usi
anomalous grazing incidence x-ray diffraction is described
the third section together with the details of the structu
models used for the data analysis. The results are discu
in the last part, where the validity of the structural mode
the capping induced strain, the QD induced strain, and
vertical alignment are successively addressed.

II. EXPERIMENTAL DETAILS

The QD GaN/AlN multilayer sample is grown in a com
mercial MECA 2000 molecular beam epitaxy growth cha
ber equipped with Ga and Al effusion cells. Active nitrog
is generated by a radio-frequency plasma cell from the
company. The substrate consists of a~0001! oriented 5000 Å
thick AlN buffer on a bulk 6H-SiC substrate, whose tempe
ture is fixed to 730°C. The 80 bilayers are deposited un
N-excess condition with equivalent thicknesses of 100 Å a
15 Å, for AlN and GaN, respectively. With these condition
the deposition of the about six GaN monolayers leads firs
the growth of a two monolayer wetting layer pseudomorp
12532
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cally strained to the AlN. The elastic relaxation of th
mismatch-induced strain leads then to the spontaneous
mation of the QD’s. Each of the QD layers is covered by t
AlN spacer layer. A steady state of the QD growth is reach
after the deposition of 2–3 bilayers.13 An uncapped QD layer
is grown additionally on the top of the structure in order
measure with atomic force microscopy the dot density wh
is about 5.531010 cm22 ~Fig. 1!.

The HRTEM images are performed with a JEOL4000E
electron microscope which has a Scherzer resolution of ab
1.7 Å. The preparation of the TEM specimens is made us
the standard techniques of mechanical polishing and Ar
ion milling.13

Due to the small amount of material in the multilayers
highly brilliant x-ray beam delivered by the third generatio
synchrotron facilities is mandatory for the x-ray investig
tions. In this context, the ID1 beamline of the European S
chrotron Radiation Facility in Grenoble~France! is well
suited for x-ray diffraction measurements in the grazing
cidence geometry combined with the tunability of the be
energy for anomalous scattering. The position in the recip
cal space is described by the wave-vector transferq5kf
2ki , whereki andkf are the wave vectors corresponding
the incident and diffracted beams, respectively. In the gr
ing incidence geometry, the surface is illuminated with
monochromatic beam under a small incidence anglea i . Be-
cause the real part of the refractive index is slightly sma
than unity for x-rays, a regime of total external reflectio
occurs fora i smaller than a critical angleac . The evanes-
cent wave probes essentially the first 100 Å below the s
face. Fora i.ac , the penetration depth increases and
complete multilayer is probed. The diffracted intensity me
sured around the in-plane (2240̄) reflection is collected with
a linear position sensitive detector oriented vertically w
respect to the sample surface. A description of this geom
can be found in Ref. 29.

III. RESULTS AND ANALYSIS

A. High-resolution transmission electron microscopy

The cross-sectional HRTEM image of Fig. 2~a! observed
along the@2,1̄,1̄,0# direction depicts a general view of fiv
GaN QD layers embedded in the AlN matrix. The dots a

FIG. 1. Atomic force microscopy image of the uncapped QD
at the surface of the QD multilayer sample.
7-2
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vertically aligned and well separated from each other. T
wetting layer aside the QD’s is also visible. The Fig. 2~b!
shows the QD’s in the first two topmost bilayers: one u
capped QD at the surface above a capped QD. The shap
size of the capped QD’s are very similar to the uncapp
ones. By analyzing HRTEM images of different directions
combination with the atomic force microscopy measu
ments, the dots are found to present a truncated pyram
shape with walls inclined by 30 ° from the surface plan
corresponding to the usual$101̄3% facets. The average heigh
and base diameter are about 40 Å and 300 Å, respective

Using a projection method20 together with the geometrica
phase method33 several high-resolution images such as
one presented in Fig. 3~a! are analyzed: the HRTEM image
first projected along the~0002! planes in order to reduce th
noise, resulting in an average intensity profile. On this p
file, the positions of the intensity maxima are determined
fitting the neighborhood extrema with a polynomial functi
of second degree. It gives the distances between the su
sive ~0002! planes, which are described as a function of
plane numbers. Two typical lattice fringe profiles extract
from region 1 through the QD~full dots! and from region 2
through the wetting layer~open dots! are shown in Fig. 3~b!.
In the profile 2, the thickness of the wetting layer is es
mated to about 2–3 monolayers20 and the layer presents a G
polarity.34 The average values of the interplanar distan
along thec axis in the AlN matrix are also indicated as do
ted lines. They clearly show a lattice mismatchDc/c of
about 1.360.5% ~mean-value averaged over the profile s

FIG. 2. High-resolution transmission electron microscopy inv

tigation of the QD multilayer sample observed along the@2,1̄,1̄,0#
direction:~a! stack of five QD layers in the multilayer and~b! QD’s
in the two first top most layers, one uncapped QD at the surf
above a capped QD.
12532
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ries! for the AlN located between two vertically stacke
QD’s with respect to the AlN located between two conse
tive wetting layers. In the case of Ga interdiffusion in th
AlN matrix at the top of the QD’s, a lattice parameter larg
than the lattice parameter in the AlN matrix located betwe
two wetting layers is expected. Our observations show
opposite results which confirms that the interdiffusion is ne
ligible. By assuming that the AlN located between two co
secutive wetting layers@profile 2 of Fig. 3~b!# is fully relaxed
(c/252.49 Å), this 1.3% lattice mismatch is understood
the framework of elasticity theory as the stressor action
the relaxed GaN QD’s which almost completely strain t
AlN located between the QD’s.

B. Anomalous grazing incidence x-ray diffraction

1. Measurements

Anomalous grazing incidence x-ray diffraction measu
ments with beam energy tuned to the GaK edge (EGa
510.367 keV) are performed in order to investigate t
strain in the different parts of the QD multilayer togeth
with the Ga content, using the chemical sensitivity of t
scattered intensity. In the vicinity of the GaK edge, the Ga
atomic scattering factor decreases by a large amount, re
ing in a weaker scattered signal for all Ga compounds.
order to measure accurately the GaK edge~which may vary
with the energy resolution of the setup and with the Ga cr
tallographic surrounding!, a fluorescence spectra in the cla

-

e

FIG. 3. ~a! High-resolution off-axis image of three QD’s. Onl
the ~0002! planes are visible. The interplanar distance used to s
the c axis is shown at the right bottom corner.~b! Lattice fringe
profiles in pixel units and in angstrom measured through the reg
1 ~full dots! and 2~open dots! defined in~a! ~the solid line is only
a guide for the eye!. The horizontal dotted lines represent the av
age values in the AlN matrix.
7-3
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V. CHAMARD et al. PHYSICAL REVIEW B 69, 125327 ~2004!
sical large angle geometry is first measured with the sam
@Fig. 4~a!, solid line#. The experimental GaK edge is found
at the expected energy within an absolute accuracy of
than 1 eV. A series of diffraction curves in the grazing in
dence geometry is then measured at the in-plane (2240̄) re-
flection for the two energies marked by a vertical line on
Fig. 4~a!: the reference curve~open circles! is measured 67
eV below the Ga K edge (ERe f510.3 keV) and the secon
one, the anomalous curve,~open squares! directly at EGa
@Figs. 4~b! and 4~c!#. In order to improve the statistics and
avoid the contribution of the multilayer periodicity~for a i
.ac), thea f spectra are integrated along the linear detec
betweenac and 2.43ac . The relaxedq224̄0 values for GaN
and AlN are indicated on the graph asqGaN and qAlN , re-
spectively.

The first series presented in Fig. 4~b! is obtained for an
angle of incidencea i50.07°, much smaller thanac ~mea-

FIG. 4. ~a! Anomalous correctionsf 8 ~dotted line! and f 9 ~solid
line! for Ga in the vicinity of theK-absorption edge.f 9 is measured
by fluorescence andf 8 is deduced by the Kramers-Kronig algo
rithm. The two vertical lines indicate the reference energy (Ere f

510.3 keV) and the GaK edge (EGa510.367 keV). Grazing inci-
dence anomalous x-ray diffraction measurements at the in-p

(224̄0) reflection along theq^224̄0& radial direction. The measure
ments atEre f are given by open circles, while the squares repres
the measurements atEGa for ~b! a i50.07° and~c! a i50.25°. The
solid lines in ~b! and ~c! are the results of the best fits using th
same model as described in the text. The inset in~c! is a lin-log plot
of the regionC.
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sured at about 0.22° forERe f and EGa). For this incidence
angle, the penetration depth is about 100 Å for the two
ergies. Both reference and anomalous measurements pr
an intense diffraction peak, denotedA, located aroundqAlN .
On the lowq224̄0 range but forq224̄0.qGaN, a weak double
peak intensity is observed on the reference curve~denotedB
andC). On the anomalous measurement, this part is stron
reduced, indicating the presence of Ga. The second se
presented on Fig. 4~c! is measured fora i50.25°. For such a
large incident angle, a large number of bilayers is probed
the penetration depth is increased to about 0.5–1mm. How-
ever, in thea i.ac region, the penetration depth depen
strongly on the energy. Therefore the exact number of pro
bilayers is difficult to evaluate. The intense peak located n
qAlN remains on the reference curve together with anot
strong peak located at 8 Å21. A weak shoulder is also vis
ible around 7.92 Å21. In the anomalous measurement,
strong modification of the intensity distribution is observ
with an important decrease of about all intensity compone
except in theq224̄0'8.03 Å21 region.

2. Structural model

In the distorted wave Born approximation, the scatte
intensity I (q) is given by

I ~q!}T~a i !uS~q!u2T~a f !, ~1!

whereT(a i , f) are the transmission functions for the incide
and exit angle, respectively, andS(q) is the structure
factor.32 In the vicinity of the GaK edge, all terms are very
sensitive to the energy. The transmission function can
calculated, using the Parratt formalism35 for a layered elec-
tron density averaged in each sublayer of the multilayer~i.e.,
wetting layers, QD layers and spacer layers!. This approach
shows that in the grazing incidence regimea i!ac , the
transmission function is rather insensitive to the change
dispersion and absorption, whereas fora i>ac , a strong de-
pendence of the transmission function with botha i and the
complex refractive index profile is observed. Following t
same arguments, the penetration depth is almost uncha
for a i!ac ~about 100 Å, i. e., the two topmost bilayer!
whereas it changes strongly fora i>ac : for a i50.25°
60.01°, the penetration depth decreases from about
610 bilayers down to 2565 when the energy increases fro
Ere f to EGa . In addition, small variations in the profile of th
complex refractive index also induce strong variations in
penetration depth fora i>ac . Moreover, the AlN buffer
layer may also contribute to the diffracted signal, resulting
an unknown offset aroundqAlN , but only for theERe f mea-
surement. For these reasons, thea i50.25° measurement
are only used to validate our structural model resulting fr
the fit of thea i50.07° data, described in the following par

The structure factorS(q) of a finite-size crystal is given
by

S~q!5 f ~q!„V~q!* D~q!…, ~2!

where f (q) is the complex scattering factor of the crysta
V(q) is the Fourier transform of the crystal shape,D(q)
represents the strain distribution in the reciprocal space

ne
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TABLE I. Structural parameters of the three zones A, B, C used to fit the measurements of the Fi~b!
and presented on Fig. 5: crystal shape with its corresponding base diameter and height, the in-plan
misfit « i5Da/aAlN , the corresponding strain distribution and the chemical composition of each zone

Zone Shape Diameter Height « i Strain Composition
~Å! ~Å! ~%! distribution ~%! ~%!

A Cylinder 220 100 0.0660.02 22 100% AlN
B Cylinder 190 100 0.6460.06 65 60% AlN1 40% GaN
C Truncated cone 300 40 1.8560.05 55 100% GaN
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sociated with the crystal and * denotes the convolution of
two quantities. As nitride compounds are disturbed mater
with defects and as the typical sizes of the structure
rather small, the calculation of the intensity diffracted by t
QD multilayer is performed in the incoherent way.23 In the
following, the strain is given as the in-plane lattice parame
misfit « i5Da/aAlN (aAlN53.114 Å) between the considere
crystal and the relaxed AlN taken as a reference.

At the (224̄0) reflection of aXN wurtzite compound (X
5Al, Ga!, the scattering factor is given by

f XN~q!52„f X~q!1 f N~q!…, ~3!

where f X,N(q)5 f 0(q)1 f 8(E)1 i f 9(E) is the complex
atomic scattering factor.f 0 represents theq dependence o
the Fourier transform of the atomic electron distribution, c
culated for Al, Ga, and N with a code derived from Ref. 3
f 8 and f 9 are the real and imaginary parts of the energy~E!
dependent corrections that become important, for Ga c
pounds in the vicinity of the GaK edge. For a precise dete
mination of the atomic scattering factor of Ga in sampleA,
f Ga9 is deduced from the fluorescence measurement@Fig. 4~a!,
solid line# and f Ga8 is calculated using the Kramers-Kron
dispersion relation for the measuredf Ga9 values in the vicinity
of the edge and tabulated values from Ref. 37 for the rem
ing part of the spectrum@Fig. 4~a!, dotted line#.

For thea i50.07° measurements@Fig. 4~b!#, where only
the two topmost bilayers are probed, three peaks are
served. The peakA is located aroundqAlN and its contribu-
tion is weakly affected by the variation of the energy. It
attributed to the relaxed matrix of pure AlN located betwe
two wetting layers~named zoneA). The shape of this zone
is approximated simply by a cylinder with a diameter cor
sponding to the interdot distance~about 200 Å, deduced
from the QD density! and a height of about 100 Å, corre
sponding to the penetration depth. This finite-size crys
leads to a diffraction peak width of only 0.03 Å21, smaller
than the experimental one. In order to reproduce the bro
ening of this Bragg component, it is necessary to introduc
distribution, which exists probably in both size and stra
However, the studies of the single-layer growth mode sh
that the AlN deposited on a GaN substrate presents a st
in-plane lattice variation during the deposition of the first
Å.38 Similar lattice distribution is observed during th
growth of AlN on GaN QD’s.18 Therefore, a simple approxi
mation is done with the use of a normalized Gaussian-
strain distribution of about 20% in order to match the me
sured broadening of the corresponding peak. The integr
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intensity of this Bragg peak is finally well reproduced for
refined diameter of 220 Å. On the other side of the diffra
tion curves, the weak peak denotedC is attributed to the
free-standing QD’s on the surface as a chemical composi
of 100% GaN is necessary to reproduce the anomalous e
and as the corresponding lattice parameter is closer to
laxed GaN than relaxed AlN. The shape is approximated
a truncated cone with a base diameter of 300 Å, a heigh
40 Å ~according to our HRTEM results! and an in-plane
lattice misfit« i of about 1.85%. Between these two extrem
peaks, the peakB was first attributed to a strained AlN co
umn under the free-standing QD’s. This simple model can
explain the change of the scattering and therefore this
scription is rejected. A significant contribution of GaN
needed to explain the intensity decrease atEGa. Finally, this
strain state is attributed to a cylindrical zoneB which con-
tains the AlN matrixand the first buried QD’s. The height o
the zoneB is limited by the penetration depth. From the fi
the diameter of this zone is estimated to about 190
slightly larger than the QD apex diameter~140 Å!. Although
the exact contribution of GaN is difficult to measure, t
estimated amount of GaN is in agreement with the volu
ratio of GaN compared to AlN in such a defined cylinde
The « i value of the zoneB is about 0.65%. The paramete
used to fit the measurements of Fig. 4~b! are summarized in
Table I and a schematic view of the three zones is rep
sented in Fig. 5~a!.

The measurements presented in Fig. 4~c! are obtained for
a i50.25° where a larger number of bilayers is probed.
the reference curve, the AlN peak is well visible, as well
the peak corresponding to the strained AlN1 GaN column,
at about 7.98 Å21. In the smallq224̄0 range, the weak scat
tering from the free-standing QD’s at the surface is also d
tinguishable~see inset!. On the measurements performed
EGa, the intensity of the relaxed AlN peak decreases. It
sults from two parallel effects:~i! the contribution of the AlN
buffer which disappears atEGa due to the decrease of th
penetration depth, from about 60 down to 25 bilayers and~ii !
the anomalous effects from the GaN wetting layer which
strained to the AlN spacer layer~this second effect is no
obvious in thea i,ac measurements probably due to inte
sity normalization uncertainties!. At low q224̄0, the weak
scattering signal from the free-standing QD’s is no more v
ible, as expected. Finally, the peak in the central part of
diffraction curve decreases tremendously, while the plat
around 8.03 Å21 is almost unchanged. It shows that the ve
7-5
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tically aligned QD’s present an in-plane lattice misfit sligh
larger than the strained AlN matrix in between.

As the structural model needed to understand the m
surements requires a large number of parameters, we
our calculations on the same structural parameter value
found for thea i,ac measurements and introduce the fo
lowing five contributions, schematically drawn in Fig. 5~b!:
the free standing GaN QD’s~regionC), the embedded QD’s
~family of regionsB8), the AlN matrix between the QD’s
~family of regionsB9), the relaxed AlN matrix~family of
regionsA8), and the GaN wetting layer~family of regions
A9). The decrease of the penetration depth and the bu
layer contribution are also introduced in the calculations. T
measurements of Fig. 4~c! can be well reproduced when th
strained AlN matrix and the capped QD misfits are set
0.55% and 1.02%, respectively.

IV. DISCUSSION

The present work studies the strain distribution in a Ga
AlN QD multilayer. The QD growth is driven by the
Stranski-Krastanov mode which leads to the formation of
islands by elastically relaxing the mismatch-induced stra
When embedded in an AlN matrix and stacked in t
multilayer, the QD’s show a strong vertical ordering ev
denced by HRTEM methods14,13 and quantified by x-ray
scattering techniques.19 The strain distribution which is re
sponsible for the ordering in several QD multilayer syste
is investigated here using both real-space and recipro
space approaches. We observed that the free-standing
QD’s on the surface are slightly strained (« i51.85%), while
they show a more pronounced compressive strain of ab
1.02% when they are capped in the AlN matrix. Moreove
tensile strain of about 0.55% is clearly identified in the A
spacer layer, which is attributed to the matrix located

FIG. 5. Schematic views of the structural models used to fit
anomalous grazing incidence diffraction measurements at~a! a i

,ac @Fig. 4~b!# and at~b! a i.ac @Fig. 4~c!#. The dark and light
parts represent the GaN and AlN compounds, respectively.
zones labeled on the draws indicate the isostrain regions, as
scribed in the text:~a! between two wetting layers (A), in the first
embedded dot layer and the corresponding above AlN matrix~B!
and in the free standing quantum dots (C), ~b! in the AlN between
two wetting layers (A8), in the wetting layers (A9), in the embed-
ded GaN dots (B8), in the corresponding above AlN matrix (B9)
and in the free standing quantum dots (C). The same definition also
refers to the peaks of Figs. 4~b! and 4~c!.
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tween two vertically stacked QD’s.
Strain distribution studies in GaN/AlN QD multilayer ar

already addressed in several experimental and theore
works as the understanding or the prediction of optical a
electronic properties motivates the knowledge of the str
tural properties.20–22 Moreover, a clear understanding of th
growth mechanisms relies on the strain and chemical dis
bution descriptions. The use of anomalous grazing incide
x-ray diffraction at the GaK edge gives the unique opportu
nity to study the strain distribution as a function of th
chemical composition in this nitride QD multilayer. The fir
question arising concerns the validity of our structu
model. The main assumption of this work is the absence
interdiffusion: in this case the presence of Ga is a dir
signature of the GaN QD’s or wetting layers. Thereby, t
strain in the different parts of the multilayer can be una
biguously identified. The absence of Al/Ga interdiffusion
in agreement with HRTEM analysis based on the compari
of experimental and simulated HRTEM lattice fringe profil
using linear elasticity theory: rather abrupt interfaces
found.20 The same conclusion is drawn in Ref. 22 whe
nonresonant Raman scattering measurements of a GaN
QD multilayer is compared to a thick GaxAl12xN layer of
the same average composition. Furthermore, our x-ray si
lations are based on a simple model without taking into
count the decay of the electromagnetic field in the multilay
This effect is only of importance fora i>ac , where a large
number of bilayers, which may present a gradient of str
tural properties, contributes to the scattered intensity w
different weights related to their position in the multilaye
However for a 80 bilayer sample, we may assume that
top 60 bilayers are self-replicated, as the steady state
growth is already reached after the deposition of a f
bilayers.13

A first main conclusion of this work concerns the me
surement of the average strains in the QD’s. Let us point
however that no strain profile can be measured with t
x-ray method for the GaN/AlN QD’s system as the QD si
distribution and the strain distribution lead to the sam
broadening of the x-ray diffraction peaks. The mosaic spr
of the deposited nitride compounds avoids any determina
of the lateral size and size distribution, usually obtained
rocking scans.31 Concerning the free-standing QD’s at th
surface, a slight compressive strain of about 1.85% is
tained instead of the 2.4% lattice mismatch calculated
tween the bulk GaN and AlN in-plane lattice paramete
This result can be compared to RHEED measurements
formed in situ during growth, where an almost complete
relaxed GaN is monitored on the top of the growing QD’s18

Moreover, for embedded QD’s, a modification of the i
plane misfit is observed enhanced by the comparison w
the free-standing QD’s. Although the shape is not modifi
by the capping, the AlN acts as a stressor on the QD’s res
ing in an in-plane compression in GaN of about 1%. Th
effect is understood7,8 and observed for several QD’
systems.10,28 For the GaN/AlN QD system, analytical calcu
lations of the strain tensor in embedded GaN QD’s lead t
strain of about 0.3–0.7 %, close to our observation.21 Some
differences in the structural parameters such as the sp
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layer thickness and the QD size may explain this sli
discrepancy.7,8,10 However, our x-ray results differ from ou
HRTEM analysis: theDc/c lattice mismatch for AlN located
between two QD’s and AlN located between two wetti
layers corresponds to the stressor action of the fully rela
GaN QD’s on the surrounding matrix. In the HRTEM stud
the thin-specimen relaxation due to the reduce thicknes
the TEM samples is not taken into account and explains
difference.39 Further works are needed to fully quantify th
effect, using finite element methods applied on QD th
samples.

Finally, the more important aspect of our study conce
the modulation of the in-plane strain in the AlN spacer lay
which can be observed with x-ray diffraction techniques o
by using the chemical sensitivity of the anomalous scat
ing. While AlN between two wetting layers is almost full
relaxed, the AlN matrix between two vertically stacked QD
is strained to about 0.55%. In comparison, a strain of 0.8
is reported in an indirect way in Ref. 22 assuming so
averaging in the complete AlN spacer layer, while a value
0.4% is calculated in Ref. 21. This local strain results fro
the stressor action of the QD’s on the surrounding matrix
leads to the QD vertical alignment:3,4 the elastic energy den
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